Introduction
The orientation of mitotic cell divisions contributes to how cells arrange within a tissue. Monolayered and stratified epithelia maintain their distinct tissue organization because of a 90° difference in the orientation of their mitotic spindle and hence cell division axis along the cells' x-z dimension (Ragkousi and Gibson, 2014) . In monolayered cells such as those of the kidney or lung, astral microtubules (MTs) are captured in metaphase by cortical cues that are positioned at an equal distance from the basal surface at opposite lateral domains, aligning the metaphase spindle parallel to the basal domain. The cleavage furrow assembles perpendicular to the spindle pole axis, bisecting the luminal surface and thus leading to a symmetric division in which both daughters remain in the plane of the monolayer. This is referred to as planar division (Reinsch and Karsenti, 1994; Tuncay and Ebnet, 2016) . In contrast, stratified epithelia such as those of the skin or esophagus undergo orthogonal divisions in which the spindle orients perpendicular and the cleavage furrow forms parallel to the basal surface, resulting in daughters stacked on top of each other. Such divisions also yield nonidentical daughters if the mother cell has apical-basal polarity, as is the case during stratification of the basal layer of the skin (Lechler and Fuchs, 2005; Siller and Doe, 2009; Williams and Fuchs, 2013) .
Hepatocytes, the parenchymal cells of the liver, represent a unique third epithelial tissue type. They organize in branched one-or two-cell-wide cords. Like monolayered and unlike stratified epithelia, all hepatocytes within the cords contact lumina and, at their basal surfaces, an endothelium. But unlike monolayered and similar to stratified epithelia, each hepatic cord is multilayered, interspersed with a canalicular luminal network (Gerber and Thung, 1987; Treyer and Müsch, 2013; Gissen and Arias, 2015;  Fig. 1 A) .
Hepatocytes actively divide during liver development, and cell divisions contribute to liver regeneration after injury in the adult (Miyaoka et al., 2012) . How hepatocytes arrange their cell division axis to maintain or acquire the unique liver architecture is incompletely understood. Mitotic profiles in tissue sections of adult livers undergoing regeneration after partial hepatectomy revealed that hepatocytes, unlike monolayered cells, rarely bisect their luminal domain in cytokinesis (Bartles and Hubbard, 1986) . This preserves canalicular lumen organization and prevents the generation of acini. The polarized hepatocytic cell lines WIF-B9 and HepG2 mimic this mode of cell division in culture, which is a result of a stereotypic orientation of the spindle pole axis toward the luminal surface in the cells' x-y dimension Slim et al., 2013) . The x-y dimension is critical for lumen fate because hepatocytic luminal domains form perpendicular to the basal or substratecontacting domains at cell-cell contact sites (Fig. 2 A) . In contrast, how the hepatocyte spindle is positioned in the x-z dimension, which determines whether hepatocytes undergo planar divisions like monolayered epithelia or out-of-monolayer divisions that could contribute to stratification or branching of the Mitotic spindle alignment with the basal or substrate-contacting domain ensures that dividing epithelial cells remain in the plane of the monolayer. Spindle orientation with respect to the substratum is established in metaphase coincident with maximal cell rounding, which enables unobstructed spindle rotation. Misaligned metaphase spindles are believed to result in divisions in which one daughter loses contact with the basal lamina. Here we describe a rescue mechanism that drives substrate-parallel spindle alignment of quasi-diagonal metaphase spindles in anaphase. It requires a Rho-and E-cadherin adhesion-dependent, substrate-parallel contractile actin belt at the apex that governs anaphase cell flattening. In contrast to monolayered Madin-Darby canine kidney cells, hepatocytic epithelial cells, which typically feature tilted metaphase spindles, lack this anaphase flattening mechanism and as a consequence maintain their spindle tilt through cytokinesis. This results in out-of-monolayer divisions, which we propose contribute to the stratified organization of hepatocyte cords in vivo.
cords, is not known. We previously observed that WIF-B9 and HepG2 metaphase spindles exhibited not only a stereotypic x-y orientation but also a stereotypic oblique angle with the substratum . In this study we sought to establish the consequences of this moderate metaphase spindle tilt: Does it accommodate a substrate-parallel cytokinesis or does it cause divisions in which one daughter becomes detached from the substratum, leading to cell layering?
Whether and under which conditions moderate deviations from substrate-parallel spindle orientation cause out-ofmonolayer cell divisions are also important open questions in tubule-forming epithelial cells with defective x-z spindle orientation mechanisms. Although it is undisputed that orthogonal spindle positioning leads to aberrant division outcomes (Bergstralh and St Johnston, 2014) , geometric rules posit that random spindle orientation in round metaphase cells yields predominantly oblique or near-horizontal spindles (Jüschke et al., 2014) . This is borne out in cultured cells where the absence of astral MT-attachment cues causes most spindle pole axes to form shallow or oblique angles with the substratum in metaphase (Toyoshima et al., 2007; den Elzen et al., 2009; Woodard et al., 2010; Kotak et al., 2012; Maier et al., 2013; Jüschke et al., 2014) . In these cases the position of the two daughters upon cytokinesis is less clear.
Here we report that monolayered kidney epithelial MDCK cells and hepatocytic WIF-B9 and HepG2 cells handle similar oblique metaphase spindle angles to the substratum differently: columnar MDCK cells correct the misalignment in anaphase and avoid divisions out of the monolayer, whereas hepatocytic cells maintain this spindle tilt throughout mitosis and divide with one daughter detached from the substratum. We elucidated a Rho-and E-cadherin adhesion-dependent mechanism responsible for these differences.
Results

Tilted metaphase spindle orientation in WIF-B9 cells is associated with cell divisions out of the monolayer
In monolayered epithelia and kidney-derived MDCK cells, each epithelial cell contributes its apical domain to a common lumen (Fig. 1, A [monolayered] and B [MDCK]). Hepatocytes, in contrast, form a branched canalicular network, the bile canaliculi ( Fig. 1 A, hepatocytes) . In the hepatocytic WIF-B9 and HepG2 cell lines, this polarity phenotype is reflected by luminal domains that form between two neighboring cells (Ihrke et al., 1993; Hoekstra et al., 1999; Decaens et al., 2008; Fig. 1 B, red arrowheads) . In both polarity phenotypes, a tight junction (TJ) belt flanks the luminal domains ( Fig. 1 B , zonula occludens-1 [ZO-1]).
When we analyzed WIF-B9 and HepG2 cell cultures in x-z views, we observed that they are partially bilayered ( Fig. 1 B, asterisks; and Video 1), a phenomenon that evolved with time in culture (Fig. 1 C) and might reflect the multilayered hepatocyte organization in vivo. In contrast, multilayering was never observed in MDCK cultures (Fig. 1, B and C). We previously reported that unlike MDCK cells, which feature substrateparallel metaphase spindles (Reinsch and Karsenti, 1994) , WIF-B9 and HepG2 metaphase spindles failed to align parallel to the substratum in metaphase . This prompted us to test whether the multilayering in WIF-B9 and HepG2 cell cultures results from out-of-monolayer cell divisions. We determined that both hepatocytic cell types maintained oblique angles of the spindle pole axis with the substratum (Fig. 2 A, defined as β angle) in anaphase (Fig. 2 C) . When we analyzed cytokinesis profiles in the x-z dimension in fixed WIF-B9 and HepG2 cells (Fig. 2 B and Video 2) and followed the progression of mitosis in x-z-t time lapse (Fig. 2 D) , we found that these cells indeed featured tilted cytokinesis profiles, and that one daughter settled on top of a neighboring cell. This was the case regardless of whether the dividing cell contributed to a bile canalicular-like lumen (Fig. 2 B , Hepatocytic, red arrowhead) or lacked a luminal domain (Fig. 2 B , Nonpolarized). MDCK monolayers featured, as expected, only substrate-parallel cell divisions (Fig. 2 B) . These findings suggest that obliquely tilted mitotic spindles give rise to the bilayered organization of hepatocytic cultures.
Columnar but not hepatocytic polarized cells rescue metaphase spindle tilts in anaphase
To determine whether mitotic spindle tilts also yield out-ofmonolayer divisions in other epithelial cell types, we analyzed a MDCK clone knocked down for the astral MT-attachment cue leucine-glycine-asparagine repeat protein (LGN). LGN-knockdown (KD) MDCK cells featured metaphase β angles comparable to those in WIF-B9 cells (Zheng et al., 2010; Fig. S1 C) . Yet analysis of cytokinesis profiles in fixed cells (Fig. S1 B) and x-z-t imaging of mitotic progressions (Fig. S1 D) revealed that these cells nevertheless divided within the plane of the monolayer and did not multilayer (Fig. S1 A) . This was a result of acquisition of a more substrate-parallel spindle orientation (i.e., a decrease in β angle) after progression from metaphase to anaphase (Fig. S1 C) . These findings are consistent with previously observed differences between LGN-KD MDCK cells and hepatocytic cells in 3D cultures, where LGN-KD cells arrange in multiluminal cysts (Zheng et al., 2010) , whereas hepatocytes (Bell et al., 2016) and HepG2 cells (Kelm et al., 2003) form spheroids without central luminal cavities. We conclude that MDCK cells possess a rescue mechanism for substrate-parallel spindle alignment in anaphase that is lacking in hepatocytic WIF-B9 and HepG2 cells.
To discern if this difference is related to the distinct lumen polarity phenotypes of MDCK and hepatocytic WIF-B9/HepG2 cells, we made use of a MDCK line that inducibly overexpresses the serine/threonine kinase Par1b under a doxycycline (Dox)-repressed promoter (MDCK-Par1b). In MDCK-Par1b cultures, Par1b induction upon removal of Dox (−Dox) causes a switch to hepatocytic polarity with luminal domains interrupting the lateral domain in the majority of cells, whereas a fraction of the cells maintain the native columnar organization of MDCK cells (Fig. 3 A, −Dox; Cohen et al., 2004) . We previously reported that both the hepatocytic and the columnar polarized MDCK-Par1b mimicked the metaphase x-z spindle orientation of hepatocytic cells Slim et al., 2013; Fig. 3 C, Metaphase) . This allowed us to directly compare putative spindle alignment rescue mechanisms in differently polarized cells of the same cell clone. When we analyzed the cytokinesis profiles of the two populations (hepatocytic and columnar), we observed distinct phenotypes: MDCK-Par1b cells facing a lateral lumen (Fig. 3 B , Hepatocytic) divided with one daughter detached from the substratum, whereas cells without lateral lumen (Fig. 3 B, Columnar) showed similar profiles as control cells (Fig. 3 B , Control, +Dox) , in which both daughters remained attached. These differences occur despite comparable spindle tilts in metaphase in the two populations (Fig. 3 C, compare Columnar and Hepatocytic). However, the columnar but not the hepatocytic polarized mitotic MDCK-Par1b cells corrected their spindle alignment with the substratum in anaphase (Fig. 3 C) . In support of this rescue, x-z-t time-lapse imaging of seven columnar MDCK-Par1b cells showed a consistent decrease in their spindle β angle between metaphase and telophase ( Fig. 3 D) , although one mitotic cell became substrate-aligned only in cytokinesis (Fig. 3 D, #1 ).
These findings indicate that the polarity phenotype accounts for the distinct outcomes of mitosis with oblique metaphase spindles in MDCK cells.
Consistent with the prevalence of hepatocytic-polarized cells in the MDCK-Par1b cultures, we also observed substantial multilayering when these cells were allowed to proliferate ( Fig. 3 A and Video 3, −Dox). In contrast, multilayering was not apparent when we plated MDCK-Par1b cells at higher confluence and polarized them in calcium switch assays, conditions in which cell divisions are rare (Cohen et al., 2004) . 
An E-cadherin adhesion-dependent anaphase elongation mechanism that is inefficient in hepatocytic cells
What is the mechanism for the difference in anaphase spindle positioning between cells with columnar and hepatocytic polarity? We noticed that MDCK-Par1b cells with substrate-aligned anaphases ( Fig Analysis of adherens junction markers, which organize TJ assembly, revealed that E-cadherin, p120 catenin, and β-catenin were restricted to cell-cell contacting sites in interphase and throughout all mitotic stages and cytokinesis in MDCK-Par1b cells cultured under +Dox control conditions ( Fig. S2 A) and in columnar-polarized cells in −Dox cultures ( Fig. S2 B, Columnar). In contrast, adherens junction markers were spread over the entire cell cortex, sparing only the lateral luminal domain in −Dox-cultured MDCK-Par1b cells with hepatocytic polarity (Fig. S2 B, Hepatocytic) and in WIF-B9 cells regardless of their polarity status (Fig. S3) . This difference in distribution suggested that hepatocytic cells might cluster E-cadherin and associated catenins less efficiently into zonula adherens, in which E-cadherin is under most tension, linked via its ectodomain to E-cadherin molecules of cell neighbors and via its cytoplasmic domain to a circumferential actin belt (Priya et al., 2015) . Indeed, when we compared the fluorescence intensity per surface area, E-cadherin showed significantly weaker labeling of the mitotic cortex in MDCK-Par1b cells compared with the uninduced controls (Fig. 4 A, +Dox vs. −Dox), and hepatocytic-polarized MDCK-Par1b cells featured lower E-cadherin intensity than columnar-polarized cells in the same monolayer (Fig. 4 A, −Dox Columnar vs. Hepatocytic). These observations are consistent with reported higher E-cadherin and catenin staining in monolayered ductal epithelia compared with hepatocytes in the liver (Ihara et al., 1996) . To directly compare E-cadherin tension, we employed a previously published MDCK cell line (MDCK-EcadTSMod) expressing a Förster resonance energy transfer (FRET)-based E-cadherin tension sensor, in which an elastic linker, flanked by a mTFP/mEYFP FRET pair, is incorporated between the transmembrane-and β-catenin-binding domains of E-cadherin (Borghi et al., 2012) . Tension generated by E-cadherin trans-interactions via its extracellular domain and binding to the actin cytoskeleton via its cytoplasmic domain result in low FRET efficiency, whereas lack of cell-cell adhesion or disruption of microfilaments increases FRET (Borghi et al., 2012) . We confirmed these premises using latrunculin B-mediated actin disruption (not depicted) and Rho inhibition (see Fig. 6 F) . We then determined that transduction of MD-CK-EcadTSMod cells with an adenovirus expressing Par1b increased the FRET efficiency compared with cells transduced with a control adenovirus (Fig. 4 B, CAT) , consistent with reduced E-cadherin adhesion in MDCK-Par1b cells.
E-cadherin depletion in MDCK cells was previously reported to cause spindle misalignment with regard to the substratum in both metaphase and anaphase (den Elzen et al., 2009).
In an inducible MDCK cell line in which Dox withdrawal leads to the equimolar substitution of endogenous E-cadherin for an adhesion-deficient E-cadherin mutant lacking the extracellular domain (ΔEcad; Troxell et al., 2001 ) exhibited both multilayering (Fig. 4 C and Video 4, −Dox) and cytokinesis profiles in which one daughter is detached from the substratum (Fig. 4 D) . Like the hepatocytic cells, ΔEcad cells failed to correct metaphase-spindle alignment defects in anaphase (Fig. 4 E) .
Altogether these data suggest that regardless of the reasons for spindle-alignment deviations in metaphase, E-cadherin tension generated by cell-cell adhesion promotes the correction of shallow spindle tilts in anaphase along with cytokinesis in the plane of the monolayer.
How does E-cadherin-mediated adhesion define the mitotic outcome? We considered two principal mechanisms: (1) adhesion-dependent astral MT attachment cues that actively orient the mitotic spindle in anaphase or (2) adhesion-dependent cell flattening in anaphase that could restrict spindle positioning in the x-z dimension in the absence of attachment cues. We ruled out a role for several reported E-cadherindependent spindle attachment molecules. They include LGN itself (Gloerich et al., 2017 ) based on our findings presented in Fig. S1 , and adenomatosis polyposis coli protein (den Elzen et al., 2009), because it shows comparable distributions in MDCK and WIF-B9 cells (Rosin-Arbesfeld et al., 2001) and is thus unlikely to be responsible for the different mitotic outcomes between these cell types. We also excluded the E-cadherin binding partner IQG AP1, which has been implicated in an LGNindependent spindle alignment mechanism (Bañón-Rodríguez et al., 2014) as critical for the anaphase rescue of spindle alignment. When we depleted IQG AP1 by RNAi in the LGN-KD cell line (Fig. S4, A and B) , no multilayering occurred (Fig. S4  A) and metaphase spindle tilts were still corrected in anaphase in the LGN-IQG AP1-double KD cells (Fig. S4 B) .
We therefore considered roles for E-cadherin other than in the organization of cortical spindle attachment complexes. Anaphase transition causes the round metaphase cells to become oblong in their x-y dimension to accommodate the separating spindle poles (Cadart et al., 2014) . Elongation itself could reduce the β angle independently of astral MT attachment cues if it is associated with cell flattening in the x-z dimension. Indeed, we previously observed a nonrandom metaphase spindle positioning in MDCK cells in the absence of cortical cues, which was imposed by the cell cortex that drove spindles longer and/or wider than the cell's height into a tilted quasi-diagonal x-z position (Lázaro-Diéguez et al., 2015) . So far, only cell-autonomous mechanisms for anaphase elongation have been described, and they considered only the cells' x-y dimension (Hickson et al., 2006; Kotadia et al., 2012; Kiyomitsu and Cheeseman, 2013; Rodrigues et al., 2015) . We wondered whether E-cadherinmediated adhesion to cell neighbors contributes to anaphase cell elongation, and whether it involves mitotic cell flattening. To test this hypothesis, we made cell shape comparisons in the MDCK-ΔEcad clone cultured in either +Dox or −Dox. The shape comparisons are based on x-z images in which both spindle poles are in focus. They are described by two parameters: 1) a circularity index C x-z , in which 1 represents a circle; and 2) the ratio h/d of cell height h (measured along the axis of the future cleavage furrow) to cell width d (measured along the spindle pole axis; Fig. 5 A) . We compared cells at a similar anaphase stage, which is defined by the distance m between the separating sister chromatids. −Dox ΔEcad cells exhibited rounder anaphase shapes than their +Dox controls (Fig. 5 B) . We also compared MDCK-Par1b cells cultured either under Par1b-induced (−Dox) or uninduced (+Dox) conditions, which represent conditions of low and high E-cadherin tension, respectively. Consistent with the ΔEcad data, −Dox, Par1b-overexpressing cultures featured rounder anaphase cells than the +Dox control cultures (Fig. 5 C) . The effect was furthermore dependent on the polarity phenotype: hepatocytic-polarized MDCK-Par1b cells were rounder than the columnar Par1b cells in the same cultures (Fig. 5 C) .
Thus, E-cadherin adhesion and E-cadherin tension support anaphase cell flattening. Because the cell shape data correspond well with the differences observed in anaphase spindle alignment, we suggest that cell elongation in anaphase promotes alignment of tilted metaphase spindles parallel to the substratum and a substrate-parallel cytokinesis.
We hypothesized that E-cadherin adhesion promotes the cell shape changes via contractile microfilament bundles at the apical junctional domain, which are well documented in interphase cells (Meng and Takeichi, 2009; Yonemura, 2011) . We determined that control MDCK cells featured a strong active myosin II belt in the TJ region (measured by phospho-myosin light chain 2 [P-MLC2] staining) also in anaphase (Fig. 5, D  and F, control) . Indeed, the P-MLC2 belt exceeded in intensity that of its nonmitotic neighbors to which the mitotic cell is mechanically coupled (Fig. 5 F, control, white and yellow arrowheads, respectively), and it extended with lesser intensity to the entire apex of the anaphase cell. The combined intensity of apical and junctional P-MLC2 was significantly diminished when the nonadherent E-cadherin mutant was expressed (Fig. 5 D, compare +Dox-and −Dox-cultured MDCK-ΔEcad cells), confirming that it is dependent on E-cadherin adhesion. Hepatocytic polarized MDCK-Par1b cells, on the other hand, like their control counterparts, featured a strong active subluminal myosin II ring (Fig. 5 F, red arrowheads) . However, because of the hepatocytic lumen polarity, the myosin II ring encircled lateral lumina, whereas P-MLC2 intensity at the apex of MDCK-Par1b cells was low (Fig. 5 F) . Thus, we tested the idea that it is apical, substrate-parallel myosin activity that corresponds with anaphase flattening. We plotted the apical P-MLC2 intensity against the circularity index C x-z in individual anaphase cells and found indeed a significant inverted correlation between both parameters, i.e., stronger myosin II at (F) Red arrowhead shows hepatocytic-like lateral lumina. The P-MLC2 intensity spectrum maps for the x-z views are shown (right). The intensity of P-MLC2 at the apex (white dashed lines) was quantified. White and yellow arrowheads denote junctional activated myosin II in the mitotic cell and its neighbors, respectively. n = 15 cells/experiment were analyzed for N = 3 independent experiments. Error bars indicate +SD. ***, P ≤ 0.001, analyzed by t test. (E and G) Correlation of anaphase P-MLC2 intensity and C x-z in control (+Dox) and ΔEcad (E) or Par1b (G) cells (−Dox). § § § , P ≤ 0.001. the cell apex correlated with flatter cells. This was the case for MDCK-ΔEcad cells cultured in +Dox and −Dox (Fig. 5 E) and also for MDCK-Par1b cells (Fig. 5 G) .
After P-MLC2 labeling throughout all stages of mitosis ( Fig. S5 A) , we determined that a contractile actomyosin belt enveloping the entire cortex in metaphase gives rise to mostly apical P-MLC2 in anaphase (Fig. S5 A, x-z views for P-MLC2 intensity spectrum map). The horizontal apical contractile belt at the apex could thus conceivably cause an apical constriction and flattening of the anaphase cells. If we assume that the cell maintains a constant volume, the displaced incompressible cytoplasm then exerts isotropic pressure on the cell cortex (Polyakov et al., 2014) . This results in the expansion of the cortical regions closest to the separating kinetochores in anaphase cells that are the most elastic (Rodrigues et al., 2015) . Thus, we propose that apical constriction by the junctional actin belt acts in conjunction with polar relaxation to mediate anaphase cell elongation in MDCK cells.
To provide additional evidence for this E-cadherinadhesion and myosin II-dependent spindle rescue mechanism, we sought to manipulate it. Myosin II activity, and E-cadherin adhesion and microfilament incorporation at zonula adherens, mutually reenforce each other through the activities of RhoA and Rho-kinase (Shewan et al., 2005; Priya et al., 2015) . If RhoA-dependent myosin II activity is critical for the mitotic outcome, we expect RhoA inhibition in MDCK cells to cause a hepatocytic division and bilayering. We employed a pharmacological Rho inhibitor to test this assumption. As expected, the inhibitor reduced P-MLC2-labeled basal stress fibers and the apical-junctional myosin II ring in interphase cells (Fig. 6 C) and decreased E-cadherin tension as measured by an increase in FRET efficiency of the EcadTSMod biosensor (Fig. 6 F) . Similar to our findings with the adhesion-compromised MD-CK-ΔEcad and MDCK-Par1b cells, Rho inhibition led to tilted anaphase spindles (Fig. 6 G) . It also diminished the apical horizontal myosin II ring in anaphase (Fig. 6 D and Fig. S5 B) , which was accompanied by rounder anaphase cells (Fig. 6 H) . Finally, Rho inhibition decreased the percentage of both substrate-parallel cytokinesis profiles (Fig. 6 E) and substrate-contacting cells (Fig. 6 , A-C, x-z, asterisks; and Video 5) as expected if tilted cell divisions lead to multilayering. Rho inhibition thus perfectly phenocopied the cell division phenotype caused by reduced E-cadherin adhesion in MDCK cells. Remarkably, Rho inhibition also promoted hepatocytic lumen polarity (Fig. 6 , A and C), in agreement with our prior observation upon RhoA KD , suggesting that the lumen polarity and division phenotypes are intimately linked.
We observed the converse effect on all cell division aspects when we treated WIF-B9 cells with a pharmacological Rho activator. The activator led to strong circumferential junctional P-MLC2-labeling that encircled interphase (Fig. 7 C) and anaphase cells (Fig. 7 D) . This was associated with an increase in E-cadherin tension as measured by lower FRET efficiency of the tension sensor (Fig. 7 F) . Rho-activated anaphase cells were flatter (Fig. 7 H) and presented with less tilted anaphase profiles (Fig. 7 G) and more substrate-aligned cytokinesis profiles (Fig. 7 E) than the control WIF-B9 cells. In support of a role for the hepatocytic cell divisions in multilayering, Rho-activated WIF-B9 cells were significantly less multilayered (Fig. 7 , A-C; and Video 6). Remarkably, Rho-activated WIF-B9 cells adopted the lumen polarity phenotype of columnar monolayered epithelial cells, characterized by a horizontal, "chickenwire-like" TJ organization and a luminal domain at the apex (Fig. 7 A) .
These findings support a model in which the substrateparallel subapical acto-myosin ring associated with the apical junctional complex in columnar but not in hepatocytic polarized epithelial cells enforces anaphase cell flattening and horizontal spindle positioning. Further, our data show that Rho activity links the epithelial lumen positioning and cell division phenotypes. The precise mechanisms for the interdependence of both features are subject for future studies, in which we will test the hypothesis that weak RhoA-dependent E-cadherin adhesion signaling allows luminal surfaces to form at cell-cell adhesion sites in hepatocytic cells. The resulting hepatocytic lumen polarity in turn forces the tilted x-z spindle organization as we previously suggested (see Discussion in Lázaro-Diéguez et al., 2013) , which then leads to out-of-monolayer divisions in the absence of the elucidated E-cadherin-dependent rescue mechanism.
Discussion
We provide evidence for a mechanical role of E-cadherin mediated cell-cell adhesion in the orientation of cell divisions in monolayered epithelial cells. Key to this role is an adhesiondependent contractile horizontal actin ring that, in conjunction with polar relaxation, promotes anaphase cell flattening and elongation in the cells' x-z dimension. Although previously described E-cadherin-dependent planar spindle orientation mechanisms localize astral MT attachment cues to cell-cell adhesion sites (Lu et al., 2001; Le Borgne et al., 2002; Yamashita et al., 2003; den Elzen et al., 2009; Inaba et al., 2010; Gloerich et al., 2017) , the horizontal spindle alignment in anaphase we describe here occurs in response to an adhesion-dependent shape change. Anaphase elongation to accommodate the separating chromatids has previously been described in cells lacking cellcell adhesion (Brennan et al., 2007; Kiyomitsu and Cheeseman, 2013; Rodrigues et al., 2015) . In isolated Drosophila melanogaster cells, an equatorial accumulation of myosin II at the site of future cleavage furrow ingression has been linked to anaphase elongation (Hickson et al., 2006) . It inevitably decreases circularity in the x-z dimension even if cell height is maintained. In agreement with such adhesion-independent cell shape change, we observed a decreased C x-z index in anaphase compared with metaphase in all cell types and conditions analyzed (unpublished data). However, the C x-z index decreased to a significantly larger extent under conditions of E-cadherin adhesion (ΔEcad +Dox compared with −Dox) and of high E-cadherin tension, which results from adhesion and linkage to the actin cytoskeleton in control MDCK and Rho-activated WIF-B9 cells. We propose that adhesion-independent anaphase elongation is sufficient to complete mitosis with tilted spindles, whereas additional cell flattening via the subapical myosin II ring causes substrateparallel spindle alignment. This could result from constraints imposed on the spindle by the cell cortex (Lázaro-Diéguez et al., 2015) or from MT-dependent shape-sensing mechanisms that allow astral MT to equilibrate the spindle in the geometric cell center via pulling or pushing forces that scale with astral MT length (O'Connell and Wang, 2000; Grill and Hyman, 2005; Minc et al., 2011) . Such mechanisms are expected to favor smaller β angles in flat cells and are consistent with a larger β angle spread in rounder cells (Minc et al., 2011) .
It is conceivable that E-cadherin adhesion to surrounding neighbors also reinforces monolayer contact of poorly attached daughter cells during cytokinesis. Yet the adhesion-dependent spindle alignment in anaphase implicates E-cadherin-mediated planar rescue in this step. To our knowledge, this is the first planar spindle rescue mechanism suggested for symmetrical dividing epithelial cells. Previously, a telophase rescue pathway that operates during asymmetric division of neuroblasts has been characterized (Peng et al., 2000; Wang et al., 2006) . It is unlikely to play a role in symmetrically dividing epithelial cells, however.
Experimental conditions that disrupt substrate-parallel metaphase spindle orientation in cultured monolayered epithelial cells frequently cause these cells to line multiple rather than a single luminal cavity in 3D cultures (Jaffe et al., 2008; Rodriguez-Fraticelli et al., 2010; Zheng et al., 2010; Tuncay and Ebnet, 2016) . Although this is generally taken as evidence that x-z spindle orientation defects cause multilayering, the formation of multiple lumina rather than of a solid cell mass in such cultures also implies that multilayering is infrequent even when the incidence of nonparallel metaphase spindles is high. This might be a result of elimination of most cells that lose contact with the basal lamina, but it is also consistent with rescue mechanisms, such as the one characterized here, that prevent out-of-monolayer cytokinesis for cells with misoriented spindles. Remarkably, in addition to rescuing misoriented metaphase spindles, epithelial cells are capable of reintegrating itinerant daughter cells after they have been expelled from the monolayer by an out-of-plane cytokinesis (Bergstralh et al., 2015) , a phenomenon observed in several Drosophila cell types and in mouse models of recessive polycystic kidney disease (Nishio et al., 2010) . This indicates that monolayered epithelia possess multiple backup mechanisms to prevent cell loss and aberrant tissue organization.
Hepatocytes self-assemble into multilayered, bile-canaliculi-containing spheroids (Tong et al., 1992; Wu et al., 1999; Tostões et al., 2012) and home to blood vessels in vitro (Nahmias et al., 2006) , indicating that cell-cell signaling and adhesion mechanisms establish their liver-specific tissue architecture. Out-of-monolayer cell divisions, as we observed in hepatocytic cell cultures, might conceivably contribute to this architecture during recovery from extensive liver damage when adult hepatocytes reenter the cell cycle and divide (Miyaoka et al., 2012) . Previous work that characterized hepatocytic division in the x-y dimension localized astral MT attachment cues adjacent to the luminal domains that interrupt cell-cell contact sites Slim et al., 2013) . We propose that the cells can accommodate the hepatocyte metaphase spindle only in a quasi-diagonal position, resulting in the x-z spindle tilt observed in the hepatocytic cell lines. We presume this to be the case regardless of whether cells possess only a single luminal domain and anchor only one astral MT set to the subluminal cortex (as in Fig. 2 A ; Lázaro-Diéguez et al., 2013) or whether cells form luminal domains with multiple neighbors and each astral MT set attaches to cortical cues adjacent to a different luminal domain. In either scenario, cell-cell adhesion forces do not support a substrate-parallel contractile actin ring that would mediate sufficient anaphase cell elongation to decrease the β angle as mitosis progresses, and as a result, an out-of-monolayer cytokinesis ensues. Ongoing developments in methodology for live-cell imaging of mammalian liver tissue (Porat-Shliom et al., 2016; Meyer et al., 2017) should make it feasible in the future to test this model in vivo. 
Materials and methods
Cell
Cell transfections
IQG AP1 siRNA (5′-UGC CAU GGA UGA GAU UGGA-3′; Tanos et al., 2015) was synthetized by Dharmacon. MDCK cells were transfected with RNAi by Amaxa nucleofection (Lonza) and tested 2 or 3 d after plating for protein depletion, then replated at ∼1.5 × 10 5 cells/cm 2 for analysis after 24 h. WIF-B9 cells were analyzed 24 h after Amaxa nucleofection of EcadTSMod TFP/YFP cDNA.
FRET analysis
The FRET of EcadTSMod TFP and YFP was measured in live cells transiently expressing the EcadTSMod biosensor plasmid (Borghi et al., 2012; WIF-B9) or constitutively (MDCK-EcadTSMod). FRET efficiency was calculated with the acceptor-bleaching FRET module (FRET-AB) of the LAS AF software. For the setup, an HCX PL APO 40×/1.25-0.75 NA oil CS objective was used to obtain pre-and postbleaching confocal (pinhole, 1 AU; pixel size, 63.1 nm; line mean, 4)
x-y sections. For the bleaching, a region of interest at the cell cortex was exposed to the 488 argon laser (main power; 80% with 514 nm laser line; 100%, for 20 iterations). The FRET efficiency was evaluated in regions of interest with at least 75% of reduced fluorescence intensity in the acceptor species.
Antibodies and reagents
The following antibodies were used in this study: α-tubulin (rat; ab6160; Abcam), β-catenin (rabbit; C2206; Sigma), E-cadherin [rr1] (Gumbiner and Simons, 1986) provided by Developmental Studies Hybridoma Bank (mouse; DSHB Hybridoma Product rr1), ezrin (rabbit; ab41672, Abcam), GFP (rabbit; ab6556, Abcam), IQG AP1 (mouse; 610611; BD Biosciences), nuclear mitotic apparatus (NuMA; rabbit; ab36999; Abcam), p120 Catenin (mouse; 610134, BD Biosciences), P-MLC2 Thr18/Ser19 (rabbit; 3674; Cell Signaling Technology), and ZO-1 (rat; MABT11; EMD Millipore; or rabbit; 61-7300; ThermoFisher). All fluorescently labeled secondary antibodies were purchased from Jackson ImmunoResearch. DAPI and phalloidin-TRI TC and -CF647 were purchased from Sigma and Biotium, respectively. For live imaging experiments, the lumen was stained with BCE CF AM or FDA (ThermoFisher) and the DNA with DRAQ5 (Cell Signaling Technology).
Immunofluorescence and confocal microscopy
For immunofluorescence experiments, cells were fixed in 4% PFA in PBS buffer for 20 min at 4°C or room temperature. Alternatively, methanol fixation at −20°C was used for IQG AP1, GFP, and p120 catenin antibodies. PFA-fixed cells were permeabilized in 0.2% Tx100 for 15 min before antibody incubation. F(ab′) 2 fragment secondary antibodies coupled to Alexa Fluor 488, Rhodamine Red-X, or Alexa Fluor 647 were used. Chromatin was stained with DAPI or DRAQ5 in fixed or time-lapse experiments, respectively. Microscopy was performed on a TCS SP5 confocal microscope (Leica Microsystems) equipped with a motorized x-y-z stage for multiple position finding and with an 8,000 Hz resonant scanner. Cells were imaged using a HCX PL APO 40×/1.25-0.75 oil CS objective on MatTek chambers. Confocal (pinhole, 1 Airy Unit; pixel size, 151.7 nm) x-y-z stacks or x-z sections were taken from the monolayer. x-y-z Projections (x-y p ) are shown in some panels as indicated. Live cell imaging was performed on MatTek chambers at 37°C in a CO 2 -enriched atmosphere in growth medium. The x-z-t stacks (pinhole, 3-4 Airy Unit; pixel size, 216.7 nm) were recorded. Images were processed with LAS AF v.2.6.0.7266 (Leica Microsystems) and ImageJ, version 1.51k (National Institutes of Health).
Quantification and statistical analysis
The Circularity index C (4π[area/perimeter 2 ]) was used to quantify the roundness of a 2D object, corresponding to the cross section of the cell by a plane. The measurements of the circularity (C x-z ), the cell dimensions defined by d, h lengths, the distance between chromatids in anaphase m, and the β angle were obtained with the ImageJ tools in x-z confocal sections. The location of the spindle poles for β measurements was determined with NuMA antibodies (fixed cells) or α-tubulin-RFP (live cells). We ensured that both spindle poles were contained in the x-z confocal plane sections as described in (Lázaro-Diéguez et al., 2015) . The mean intensity of E-cadherin was measured at the lateral cell cortex, whereas the P-MLC2 was quantified at the apex in x-y or x-z confocal sections, respectively. The values were normalized to the highest intensity. To quantify the percentage of cytokinesis with both daughter cells contacting the substratum, cytokinesis profiles were analyzed in the x-z dimension. Cell outlines were defined by cortical F-actin staining. To estimate the percentage of cells contacting the substratum, 10 random x-y fields of ∼6 × 10 3 µm 2 were analyzed in the x-y and x-z dimensions for three independent experiments. For statistical computation and estimation of significance, we used GraphPad Prism version 6.0 software. Graphs represent mean ¯ y ± SEM or + SD, as indicated, where (n) represents the number of cells analyzed. Statistical significance was determined using unpaired two-tailed t test for N = three independent experiments. Data distribution was assumed to be normal, but this was not formally tested. Pearson coefficient (r) was applied for correlation analysis.
Online supplemental material Fig. S1 shows that tilted metaphase spindles in LGN-depleted MDCK cells realign with the substratum during anaphase. Figs. S2 and S3 show adherens and TJs localization during mitosis in MDCK-Par1b and MDCK or WIF-B9 cells, respectively. Fig. S4 shows that E-cadherin binding partner IQG AP is not required for anaphase spindle realignment in LGN-KD cells. Fig. S5 shows the localization of activated myosin II during mitosis in MDCK cells. Video 1 shows that WIF-B9 and HepG2 cells form bilayers in bidimensional cell cultures. Video 2 shows cell divisions out of the monolayer in WIF-B9 cells. Video 3 shows that Par1b overexpression generates bilayers in MDCK cell cultures. Video 4 shows that substitution of E-cadherin for ΔEcad generates bilayers in MDCK cell cultures. Video 5 shows that Rho inhibition promotes hepatocytic-type architecture in MDCK cells. Video 6 shows that Rho activation promotes columnar-type architecture in WIF-B9 cells.
